Rapid and sensitive methods for the detection and genetic characterization of cyanobacteria have been developed based on DNA amplification techniques. This article describes the molecular methods that have been used to characterize cyanobacteria and their use as tools to identify toxin-producing strains. Different species and strains were compared using restriction fragment length polymorphism (RFLP) of amplified fragments of the phycocyanin gene and the 16S-23S rRNA internal transcribed spacer.
Introduction
Current protocols for cyanobacterial classification rely on the observation of morphological parameters. Many of the biochemical (e.g. range of carbon substrates for heterotrophic growth) and physiological properties used in prokaryotic systematics are not appropriate markers for the study of cyanobacterial taxonomy. Therefore strain discrimination based on relatively simple and often minor morphological differences has been used to describe this immensely diverse bacterial phylum. Expression of phenotypes in cyanobacteria, as with other organisms, is often affected by environmental conditions. Typical manifestations of this are seen during laboratory selective culturing of cyanobacterial isolates, exemplified by the loss of gas vacuoles and colonial habit in planktonic strains (1) (2) (3) . Hence classifications of cyanobacteria, and certain other prokaryotes, based solely on morphology has been described as artificial and arbitrary.
For more than 150 years cyanobacteria were considered to be eukaryotic algae prior to the efforts of Gibbons and Murray (4) and Stanier et al. (5) . The inclusion of cyanobacteria under the bacteriological code resulted in the collection of strains as pure cultures instead of herbarium samples, as required for botanical systematics. More importantly, this recognition of cyanobacteria as prokaryotes allowed the postulation of cyanobacterial evolution for taxa within the radiation, with regards to other bacteria, and to other photosynthetic organisms (6) . The ubiquity and relative conservation of the 16S rRNA gene across life forms makes it an appropriate molecule for inferring phylogeny. Comparisons of 16S rRNA gene sequences has supported the previously described affiliations between cyanobacteria and related organisms. Specifically, members of the cyanobacterial cluster are distantly related to the Archaea (Methanococcoides) and show a shallow branching from the Gram-positive bacteria (Bacillus subtilis) lineage. The cyanobacteria, as shown in other studies (7, 8) , are not the most ancestral of bacterial groups even though this may be indicated by available microfossil evidence.
The relationships between cyanobacteria and photosynthetic organelles have also gained further confirmation by molecular systematics. Both the chloroplast of Euglena gracilis and the cyanelle of Cyanophora paradoxa form a distinct cluster closely related to the cyanobacteria. It appears that there was a common progenitor to both the photosynthetic organelle and cyanobacterial groups (9) . It has been shown that green chloroplast 16S rRNA sequences form a monophyletic lineage and that these origins are well placed within the cyanobacterial radiation (8, 10) . Alternatively, oligonucleotide cataloguing revealed divergence of the chloroplast and cyanelle lineages prior to establishment of the diversity shown for extant specimens of cyanobacteria (11) . In fact, a primary bifurcation of the derived 16S rRNA gene phylogeny (disregarding outgroups) shows a definite clustering of bacterial oxygenic phototrophs external to that of the organelles, whether they be more physiologically related to cyanobacteria or prochlorophytes. Woese (7) has also identified sequence signatures based on the 16S rRNA primary structure which are shared by the cyanobacteria, Prochloron, and chloroplasts.
It appears that the prochlorales (Prochloron sp.) originated entirely from within the cyanobacterial radiation. Upon closer examination, a single ancestral taxon was the progenitor for filamentous, and heterocystous cyanobacteria (Nostoc PCC7120) and a cluster containing the prochlorophyte and Synechocystis lineages. Phylogenetic inferences by Wilmotte (10) , based on 16S rRNA sequences, confirm this clustering of Prochloron sp. with strains of Synechocystis. However, studies on the molecular diversity of this group of bacteria, which contain both chlorophyll a and b, has revealed it to be polyphyletic with comparatively large genetic distances between representative strains (12) (13) (14) .
Apart from 16S rRNA sequencing (8-10) few systems for classification, based on molecular genetics, have been proposed for cyanobacterial genera. This fact is particularly pertinent for those genera of toxin-producing cyanobacteria (15) . Morphological differences between the proposed orders of cyanobacteria can be quite marked (2), although within these sections there are a number of specific taxonomic problems. These include the delineation of the genus Microcystis from Synechocystis, Anabaena from Nostoc, as well as Anabaena from the genera Aphanizomenon, Cylindrospermopsis, and Nodularia. In addition, the benthic and planktonic cyanobacteria of the order Oscillatoriales present difficulties for accurate identification and classification. Amplification and restriction enzyme digestion or sequencing of PCR products has provided a specific method for the delineation of cyanobacterial genera (16) (17) (18) (19) (20) . In particular, the genetic polymorphisms detected in the phycocyanin (PC) operon and the 16S-23S ribosomal RNA internal transcribed spacer (rRNA ITS) readily define genus boundaries and show varying degrees of concordance with traditional classification schemes. Molecular approaches to cyanobacterial identification are not influenced by ecological variables and in many instances do not require axenic or unicyanobacterial cultures for analysis. Indeed, due to the sensitivity afforded by DNA amplification technology, minute sample sizes, containing little cyanobacterial biomass, are required for the generation of genetic profiles.
Specific procedures involving DNA transfer and probe hybridisation have been previously employed, and allow the delineation of closely related and potentially toxic cyanobacteria (3, (21) (22) (23) (24) . However, most analyses of nucleic acids as molecular markers for cyanobacteria have focused on the relatively amorphous, unicellular genus Synechococcus and the symbiotic filamentous genera Anabaena and Nostoc. These experiments were based on heterologous gene probe hybridisation to RFLPs of genomic DNA. RFLP data, corroborated by 16S rRNA sequences (8, 11, 25) , show that diversity between marine and freshwater strains of Synechococcus, representing separate serogroups, was as great as that seen in the entire cyanobacterial radiation (21, 23, 24, 26) . Similarly, RFLPs detected in the genomes of filamentous cyanobacteria revealed the presence of multiple lineages of symbiotic cyanobacteria associated with the Azolla fern (27) , cycads (28) and angiosperms (29) . These protocols, and hence their utility for cyanobacterial classification are limited by the complex experimental procedure, including a necessity for large quantities of DNA, and the lack of informative genotypes observed.
DNA amplification technology, combined with sequences of cyanobacterial genes, has provided an opportunity to design and develop rapid and sensitive protocols for detection and delineation of cyanobacterial strains. This article describes molecular methods which provide descriptive DNA profiles, composed of phylogenetic characters, which were appropriate for the inference of Diversity of Oxygenic Phototrophs 3 relatedness and evolution of cyanobacterial taxa. These phylogenetic characters provided differing levels of strain discrimination. The sensitivity of the methods described here are a reflection of the number of restriction endonuclease recognition sites in cyanobacterial-specific gene amplification products, in particular, the 16S-23S rRNA ITS and the phycocyanin operon. The DNA profiles generated depict genomic polymorphisms and allow the unambiguous identification of toxic cyanobacteria.
Cyanobacterial Specific Gene Amplification and RFLP Analysis
A cyanobacterial specific forward PCR primer was designed by targeting the 3' region of cyanobacterial 16S rRNA gene sequences (Table 1) . In combination with a bacterial consensus reverse 23S rRNA gene primer the selective amplification of the 16S-23S rRNA ITS from cyanobacteria within a consortium of other microorganisms was possible (9) . Amplification of this region resulted in the detection of heterogeneity, with respect to the size of the PCR product, across several cyanobacterial genera. The genus Anabaena, for example, possessed two distinct PCR products, indicating the presence of multiple, heterologous rRNA operons. On the other hand, the genus Microcystis 
Neilan revealed a single amplification product for this region. Specific and discriminating amplification length fragments from the 16S-23S ITS were also observed for the genera Aphanizomenon, Cylindrospermopsis, Nodularia, Nostoc, Oscillatoria, Pseudanabaena, Plectonema, and Synechococcus ( Figure 1 ). In freshwater environments the phycocyanin operon is found almost exclusively in cyanobacteria. Amplification of the region spanning the intergenic spacer (IGS) between the two bilin subunit genes cpcB and cpcA allowed the rapid detection of small quantities of non-axenic cyanobacterial isolates (18) . RFLP analysis of these amplification products, using up to 9 different four base pair recognition endonucleases, revealed an array of DNA profiles specific for toxin-producing cyanobacteria ( Figure  2 ). Table 2 describes the restriction enzymes and genotypes which differentiate between certain cyanobacterial genera. Phylogenetic analysis of this data clustered the non-heterocystous, filamentous genera Oscillatoria with the unicellular genera Microcystis and Synechococcus as well as placing the strains M. elabens, M. holsatica, and numerous Australian isolates of Microcystis, on the same lineage as Synechococcus (Figure 3 ). All heterocyst-forming cyanobacteria studied appeared to share a common ancestor although species of Anabaena formed a polyphyletic lineage occupying Figure 3 . Strict consensus cladogram constructed from 45 binary characters applied to the rules of Dollo parsimony. The presence or absence of PC-IGS restriction digest patterns for each of the 40 strains was used as the basis for inferring cyanobacterial evolution. Twenty eight equally parsimonious trees were obtained using the DOLLOP program from the PHYLIP package and used to produce the presented tree. Relative genetic divergence is indicated by the scale. 
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terminal branches with the genera Cylindrospermopsis, Aphanizomenon, and Nodularia. The genus Cylindrospermopsis, which has been recently isolated from Australia and produces hepatotoxic alkaloids (30) , exhibited an early divergence from the rest of the heterocystous cyanobacteria. Interestingly, Nostoc strains in this study were not amplified using the described phycocyanin primer set, thus readily differentiating them from the Anabaena strains tested (18) .
RFLPs of the amplified phycocyanin IGS and the 16S-23S rRNA ITS revealed genotypes which were specific to the strain classification of cyanobacteria (18, 19) . The diversity of genotypes detected by the 16S-23S rRNA ITS, however, was not as extensive as those revealed by the A. affinis NIES40 A. circinalis AWT006 
Both PCR-RFLP approaches showed strains of Oscillatoria to be monophyletic, although this was not supported by partial 16S rRNA gene sequencing data, which depicted Oscillatoria to be a polyphyletic lineage with members closely related to different species of other filamentous and unicellular cyanobacteria (8) . Strains of the genera Aphanizomenon and Nostoc were also shown to be monophyletic. Strains of Nostoc and Nodularia were also differentiated from the genus Anabaena by 16S-23S rRNA ITS genotyping, sharing a terminal branch with the A. cylindrica subgroup. Strains of A. circinalis, A. cylindrica, A. flos-aquae, A. solitaria, and A. spiroides were placed within the heterocystous cluster with no relation to their species designation ( Figure 4) . As with the strains of M. aeruginosa and M. wesenbergii, the strains of A. circinalis and A. spiroides were as different from each other as they are from supposedly more distantly related strains. The Cylindrospermopsis strains isolated from Australian waters were monophyletic and exhibited quite an early divergence from the rest of the heterocyst-forming cyanobacteria.
Other DNA Amplification Procedures for Identification of Cyanobacteria
The gross topology of the phylogenies inferred from polymorphisms in the phycocyanin and rRNA operons was also supported by RAPD profiles of toxic cyanobacteria. Multiplexing 10 mer oligonucleotides in a single PCR was used for generating reproducible and informative DNA profiles (31) . Clustering of Anabaena and Microcystis by genomic heterogeneity as separate lineages reflected the obvious morphological differences as well as 16S rRNA sequence divergence (9, 32) . Other protocols involving nucleic acid content, including %mol G+C (33) and DNA/ DNA hybridization (34), have successfully been applied to the classification of cyanobacteria, although non-axenic cultures and a continuum of genome content values and reassociation rates has made delineation of exact generic borders somewhat difficult.
Recently, the distribution of short tandem repeats in cyanobacterial genomes has been applied to the characterisation of toxic cyanobacteria. Rouhiainen et al.
(3) has investigated many strains of toxin-producing cyanobacteria from several genera, including Anabaena and Microcystis, using the RFLPs detected by genomic transfer and hybridisation with a heptamer repeat of the nifJ gene. The results showed that readily distinguishable profiles were able to differentiate between filamentous, heterocystous cyanobacteria which were either neurotoxic (anatoxin-a) or hepatotoxic (microcystins). Cryptic short tandemly repeated sequences have also been described by Mazel et al. (22) and identified for use as molecular markers. However, caution should be adopted when applying these repeats to taxonomic studies, considering the potential mobility and amplification of such sequence elements. Cyanobacterial specific repeat sequences, termed highly iterative palindromes (HIP), have also revealed strain-specificity and can be applied to the discrimination of toxic and non-toxic cyanobacteria (35) (36) (37) . The use of RNA polymerase gene sequences has also been shown to discriminate between strains of Synechococcus-like cyanobacteria and prochlorophytes isolated from natural bacterioplankton communities (38) .
Characterisation of the 16S rRNA gene has been applied to many prokaryote lineages and may reveal sequence signatures which are useful for the in situ detection of specific bacterial strains within their natural population structure (39, 40) . Several other procedures are being developed for the cyanobacteria and other bacteria which allow discrimination of strains based on stable genetic characters. These include denaturing gradient gel electrophoresis and single stranded conformational polymorphisms (DGGE and SSCP), analysis of genomic restriction fragment polymorphisms by selective restriction fragment amplification (SRFA), and amplification of microsatellite (dinucleotide repeat) and repetitive extragenic repeat (REP) sequences (41) . In addition, the phylogenetic affiliations amongst the toxin-producing and bloom-forming cyanobacteria are currently being investigated using inferences from recA (42) and 16S and 23S rRNA gene sequences (43, unpublished data) .
Different Levels of Taxonomic Discrimination
The results of these studies show that genetic relatedness between the genera of bloom-forming cyanobacteria is supported by the described 16S-23S ITS and phycocyanin PCR-RFLP profiles. This system of molecular identification of cyanobacteria, when used in conjunction with traditional morphological evaluation, should continue to assist in the accurate delineation of novel isolates and the presentation of an amended system for cyanobacterial classification. The levels of sensitivity offered by molecular systematics are varied and afford a continuum of methods for strain discrimination. At the lowest taxonomic level, methods based on whole genome polymorphisms, such as RAPD PCR, readily differentiate between strains of cyanobacteria tested regardless of geographical origins (16, 31) . The Diversity of Oxygenic Phototrophs 7 limitation of this technique is the current need for strains to be maintained in axenic and unicyanobacterial culture and has been shown not to be suitable for direct analysis of environmental isolates (31, 44) . Decreased discriminatory power was afforded by the PCR-RFLP analyses of the ribosomal spacer and the phycocyanin operon, based on the methods in this article. These procedures were, however, more robust and useful for the direct analysis of cyanobacteria isolated from complex natural populations. Within this category it is recommended that the size of the 16S-23S rRNA ITS PCR product be used for initial confirmation of genus identification and successive restriction digest of this locus and that of the phycocyanin gene be applied for delineation to the strain level. However, sequencing of complete genes, such as the 16S rRNA gene, is becoming more efficient and provides the most accurate method for determining relatedness and inferring evolution within this group of prokaryotes. These amplification procedures are of particular value when combined with organism-specific primers, allowing direct "cyanodiversity" assessment from environmental samples.
Traditional taxonomic approaches to classification are no longer adequate given the available technology, and a polyphasic approach to systematics is more suitable and accurate for the description of members from natural microbial populations. The combination of phenotypic and genotypic characters provides both a means for classification and a tool for determining biological evolution.
Protocols for DNA Extraction and Amplification
Samples of type cultures and environmental isolates were harvested immediately upon receipt and PCR template prepared according to two methods. In Protocol 1, total genomic DNA was extracted using a modification of a method for purification of DNA from Gram-negative bacteria (31) . As an alternative, the PCR template was prepared by the rapid lysis of cyanobacterial cells and liberation of DNA into the supernatant using Protocol 2.
Primer Design and Amplification of the Phycocyanin IGS
Oligonucleotide primers (Table 1) were designed to be suitable for amplification of the PC-IGS from a diverse range of cyanobacteria. Published peptide and DNA sequences for the PC operon, from the GenBank and EMBL databases, were aligned using the multiple sequence alignment program of the Clustal W package (45) supplied by the Australian National Genome Information Service (ANGIS, Sydney, Australia; morgan.angis.su.oz.au). The aligned PC sequences were from the cyanobacteria Anabaena sp. PCC7120, Calothrix sp. PCC7601, Pseudanabaena sp. PCC7409, Synechococcus sp. WH8020, Synechocystis sp. PCC6701, and Agmenellum quadruplicatum (Synechococcus) PCC7002 with GenBank accession numbers X05239, M36276, M99426, M95288, D13173, and K02660, respectively. PCR priming sites were chosen from completely conserved regions within the ( (forward primer) and ( (reverse primer) subunits of the PC peptide sequence. Codon bias for the photosynthetic apparatus genes of several cyanobacterial species was used to select the final DNA sequence of the PCR primers. The primer sequences were checked for homology to any other known sequences deposited in the available databases using the BLAST (46) option (ANGIS, Sydney, Australia). Peptide sequences in the regions chosen for these primers were also checked against those of red algae (Algaothamnion, Cyanidium, and Porphyridium), cryptomonads (Chroomonas) and cyanelle sequences in the PIR protein database. Oligonucleotides were synthesised using an Oligo 1000 DNA Synthesiser (Beckman, Fullerton, CA).
Amplification Reactions
Small volume (capillary) PCR was performed to study variability in the length of amplification products for the PC- 
Primer Design and Amplification of the 16S-23S rDNA ITS
Oligonucleotide primers (Table 1) were designed to be suitable for amplification of the ITS from a diverse range of cyanobacteria. Published DNA sequences for the 16S rRNA genes from cyanobacteria were aligned using the multiple sequence alignment program of the Pileup and Clustal W packages (45) . The aligned 16S rRNA gene sequences were from the cyanobacteria Anabaena sp. PCC7120, Synechococcus sp. PCC6301, Chlorogloeopsis HTF PCC7518, Microcystis aeruginosa PCC7806, and Microcystis aeruginosa NIES89 with GenBank accession numbers X59559, X01296, X68780, Z28699, and Z28700, respectively. Potential cyanobacterial specific PCR priming sites were chosen from within the conserved sequences of the 3' region of these 16S rRNA molecules. Conserved sequences at the 5' region of bacterial 23S rRNA genes were used as the target for a downstream, reverse PCR primer (19) . The forward primer (16CITS) sequence was checked for identity to 16S rDNA sequences or homology to any other sequences using the BLAST (46) search algorithm against sequences contained in the ribosomal database project and the GenBank and EMBL nucleotide sequence databases. Large-scale DNA amplifications were performed as for the phycocyanin operon PCR except that the reaction tube was subjected to 30 cycles of 20 sec at 94°C, 30 sec at 48°C, and 60 sec at 72°C in a PE480 thermal cycler (PerkinElmer Cetus, Emeryville, CA). The cyanobacterial specific ITS PCR also required a hot-start protocol which entailed the addition of thermostable DNA polymerase to other PCR components which had been preheated to 96°C. PCR cycling was commenced directly after addition of the enzyme.
Restriction Endonuclease Digestion of 16S-23S rRNA ITS and PC-IGS PCR Products
PCR fragments were purified from reaction components and small by-products as described by Neilan et al. (18) . Mineral oil was removed from PCR reactions by chloroform: isoamyl alcohol (23: 1) extraction. The aqueous phase was then purified using the Wizard PCR purification system (Promega, Madison, WI) to remove amplification reaction components including unincorporated primers and nucleotides. ITS amplification fragments were digested separately with eight restriction endonucleases which recognise and cleave tetra-nucleotide motifs. The DNA restriction enzymes AluI, CfoI, HaeIII, HinFI, MspI, RsaI, ScrFI, and TaqI (Boehringer Mannheim, Germany) were used to generate RFLP patterns specific to the cyanobacterial strains studied as previously described (18) . Approximately 200 ng of PCR product was combined with 1.5 µl of the corresponding enzyme buffer supplied and 5 units of restriction enzyme in a 15 µl digest. Reactions were incubated overnight at the temperature recommended by the enzyme supplier. All PCR products were analysed by electrophoresis in 1% normal agarose / 1.5% low melt agarose in TAE buffer or 6% polyacrylamide (19: 1, acrylamide: bisacrylamide) in TBE buffer. DNA in agarose gels was stained with ethidium bromide or with silver nitrate when electrophoresed in an acrylamide matrix (47) . The profile of a each digest was used as a genotypic marker and formed the basis for phylogenetic analyses.
Phylogenetic Analysis of RFLP Data
The RFLP patterns generated were based on the primary structure of the rRNA ITS and the PC operon. These DNA profiles were treated as observed phenotypes for the purpose of inferring relatedness between the cyanobacteria. Phylogenetic analysis of the data was performed by calculating pairwise genetic distances from a binary matrix. Each strain or operational taxonomic unit (OTU) was identified by the presence or absence of a RFLP profile for each of the nine restriction digests. Distance calculations were performed using the eighteen algorithms supplied by the RAPDistance package developed by Armstrong et al. (48) . All metrics available were used and the resulting trees constructed by the neighbour-joining method and the NJTREE program (49) . The RFLP profiles were also used in a cladistic analysis where character changes were minimised along branches of the derived tree. The rules of parsimony, using the Dollo parsimony method supplied by the DOLLOP program in the PHYLIP package (version 3.53c), were applied to the profile data (50, 51) . Relatedness between strains was inferred based on the number of shared homologous characters, being RFLP profiles for this study. A single, strict consensus cladogram was reconstructed, using the majority-rule method, from the equally parsimonious trees found. Outgroups were not available for this study and therefore the phylogenetic trees presented should be considered as unrooted.
Concluding Remarks
The application of nucleic-acid based and, more importantly, DNA amplification methods for the molecular typing of microorganisms in complex natural populations is making the study of cyanobacterial systematics and phylogenetics definitive rather than descriptive. The speed, economy, sensitivity, and reliability of the PCR-based methods described in this study make them ideal for accurately addressing basic questions in microbial ecology. The present work has provided DNA profiles, composed of phylogenetic characters, appropriate for the inference of relatedness and evolution of cyanobacterial taxa. These DNA profiles readily identify potential toxic species of bloom-forming or benthic cyanobacteria in drinking and recreational water supplies. In addition, most of these molecular taxonomic methods are, or will soon be, amenable to automation. For both environmentally and medically significant microbial populations this technology provides high-level discrimination for the detection of toxic or virulent strains. Apart from pathogenicity, the unambiguous identification of microorganisms is also crucial to other fields including, bioremediation, biotechnology, and biodiversity.
